ABSTRACT Supersaturated hydrogen and oxygen solutions of pH-neutral tap water were created through electrolysis and subsequently blended back together. The blended solution was monitored as a function of time with dissolved gas meters and time-lapse photography. While the pH of the blended anodic and cathodic electrolysis streams returned to neutral pH within seconds, the blended solution was observed to retain significantly elevated dissolved gas concentrations on a timescale of hours. The analysis of dynamic bubble formation along the surfaces of the container, along with dissolved gas measurements, indicates that exsolution of dissolved hydrogen gas takes place on a very similar timescale. The measured total mass balance of gas produced electrolytically suggests that while a significant fraction of gas is exsoluted immediately before mixing of the anodic and cathodic streams, there are dissolved gases that take hours to exsolute completely from an undisturbed solution. Additionally, these signatures were studied as a function of electrolysis current.
Introduction
The creation of hydrogen and oxygen at the cathode and anode respectively from electrolysis has been extensively documented. 18 Shibata experimented with the supersaturation of O 2 gas at the electrode surface, and reported a relationship between supersaturation and current density. 9 Bendrich et al. examined the mass transfer of hydrogen gas at the cathode. Their study examined the relationship between current density and flow velocity. 10 Kikuchi et al. has examined dissolved gas properties of electrolyzed cathodic solutions, and a relationship between current density and dissolved hydrogen gas concentration. 11 Different platinum electrode surfaces have been examined in regards to hydrogen gas saturation at the cathodic chamber. 12 Anodic and cathodic electrolyzed solutions were also reported by Kikuchi to contain hydrogen and oxygen micro-and nano-bubbles. 1315 Most of this research has been performed on electrolyte solutions from the anodic or cathodic chamber of an electrolysis unit.
The goal of this work is to better understand the properties of hydrogen and oxygen gases in a pH-neutral electrolyzed tap water solution, where the anodic and cathodic solutions have been blended together. These blended solutions containing temporary unique gas properties could be used as a novel approach to cleaning a variety of surfaces, as reported by Yamanaka et al. 16 Theoretically the exsolution of gases could help in the removal of particulates from a surface in an environmentally friendly manner.
Experimental
To create the blended electrolyzed tap water solutions an electrolysis cell composed of five platinum-coated titanium plates was used. The total electrode surface area of the unit was 545.6 cm 2 , with a geometry that allowed the anode and cathode to have the same amount of active surface area, and a total volume inside the electrolysis chamber of 121 cm 3 . The anodes and cathodes were separated by a microporous polymer membrane which allowed for ion transfer. The total flow rate from the electrolysis cell was 570 mL/min. The separate streams from the anode and cathode chambers were recombined via tubing within 20 cm of the exit of the electrolysis unit. These streams could be measured separately, but after initial characterization of the separate streams, all the subsequent measurements were performed on the blended water solutions. 17 The water used in the electrolysis was not reconstituted tap water, but actual tap water from the municipal water treatment facility in Holland, MI. The chemistry of this water is monitored regularly and has been shown to be very consistent over long periods of time. The representative average water chemistry is shown in Table 1 . 18 All water used in these experiments was drawn from a single source in this municipality during a small interval of time, and an aliquot of this water was analyzed commercially and it was found to be similar to these published values. The presence of particulates may impact the rate at which dissolved gases leave the solution, so a representative sample of the tap water was analyzed by a commercial laboratory for particle sizes present. A model 770 AccuSizer was used to determine the particle size distribution 19 as shown in Fig. 1 . The lower detection limit for this analysis was 0.5 µm. No particles larger than 66 µm were observed, but most were under 1 micron in size and the mean particle size was 0.67 µm with a standard deviation of 0.39 µm. The total particle concentration was 2.21 © 10 4 particles/mL. During experimentation the water temperature was 20.5 « 3.0°C. The room temperature fluctuations with actual municipal water conditions were included by design to mimic real world situations. The sample beakers were left uncovered in open air at nominally 1 atmosphere of pressure while taking dissolved gas measurements.
The dissolved oxygen (DO) content of the water was measured before electrolysis, and if necessary, degassed tap water was blended with the sample water to achieve an initial concentration of 8.2 8.5 ppm for dissolved oxygen for each sample. This concentration is typical of tap water at equilibrium with atmospheric gases. The samples were placed in clean beakers of various sizes, which were previously used and assumed to have micro-scratches to facilitate bubble formation. The beakers used in photographing bubbles were cleaned and dried with paper towel between trials, then rinsed with sample water before filling with the next sample. To minimize any error a volume-to-surface area (or liquid interface ratio) of 0.65 was used in all trials, except in the case of the DO measurements. The stirring of samples during the DO analysis caused additional exsolution of gases, so a volume/surface area ratio of 1.36 was used to offset this effect. The dissolved gas meters used were an AMT model MS-08 dissolved hydrogen meter, and a YSI model 5000 dissolved oxygen meter. The oxygen meter was calibrated in air as per the manufacturer specifications. The hydrogen meter was factory calibrated using a method involving a known constant flow of dissolved hydrogen.
A replicate aliquot of water was digitally photographed by a Leica DFC295 camera mounted on a Leica S8APO stereo microscope. Images were captured every 5 min after sample collection. The absolute magnification was determined by photographing a standard rule under the same conditions. These photographs were digitally analyzed offline by Sigma-Scan image processing.
Using the same experimental conditions that were used in determination of dissolved gas concentration, the exit port of the electrolysis unit was placed inside an inverted 300 mL graduated cylinder that was full of water. The inverted graduated cylinder was located in a bucket full of water. The amount of water that was displaced in the cylinder during electrolysis was then directly related to the amount of non-dissolved hydrogen and oxygen gases. To determine the roughness factor a CV experiment was performed to measure the hydrogen adsorption wave of the platinum electrode. 20, 21 This experiment was performed with a Pine-Wavenow potentiostat, a 3 M Ag/AgCl reference electrode, a 2-mm round flat platinum counter electrode, and a two-sided platinum working electrode with a total measured surface area of 7 cm 2 . The surface roughness was determined to be approximately 6.5. The aqueous medium was a N 2 sparged 1 M solution of H 2 SO 4 made with 18.2 M³ water. The SEM image in Fig. 2 was taken with a Hitachi TM3000 Tabletop Microscope.
Results and Discussion
The measurements of added dissolved hydrogen and dissolved oxygen in the blended stream immediately after mixing are shown in Fig. 3 for three different current settings of the electrolysis unit. The electrolysis process adds almost twice as much dissolved hydrogen to the bulk solution as oxygen, even though oxygen is more soluble in water than hydrogen at room temperature. This is simply due to molecular stoichiometry, as twice the number of hydrogen molecules will be created during electrolysis than oxygen molecules [Eqs. (1) 
Figure 3 also shows that there are diminishing returns on the concentration of both dissolved hydrogen and dissolved oxygen as the current is increased in this electrolysis unit. As the current increases from 2A to 3A, the concentrations of dissolved gases increases only slightly, compared to the increase between 1A and 2A. It also appears that the dissolved hydrogen concentration for 2A and 3A are reaching a maximum near theoretical saturation level of 0.784 mM H 2 in a 100% hydrogen atmosphere at conditions (of 1 atm and 25°C). 22 The graph shows a H 2 concentration of 0.39 mM (with no dissolved hydrogen present initially), but since these measurements were taken immediately after the anode and cathode streams were blended, this concentration represents half of the concentration present in the separated stream in the cathodic chamber prior to mixing. Oxygen is far from its saturation point in a 100% oxygen atmosphere which is 1.274 mM at lab conditions. 22 In Fig. 4 , the percentage of the theoretical maximum quantity of gas that can be produced by electrolysis to the measured dissolved gas levels as a function of electrolysis current are shown. It is clear that as the current is increased in this unit, the increase in dissolved gas does not account for increased theoretical yield from the higher currents. This indicates that the solutions are approaching saturation for dissolved gases and the rest of the electrolysis products are escaping from solution as gaseous phase before or during mixing. Tanaka et al. also reported on the ratio of dissolved gas to total gas creation from electrolysis and observed similar results. To confirm the observation that the gases formed during electrolysis must be going elsewhere (and not into a dissolved state once the solutions near saturation), additional measurements were made to allow a total mass balance of the reaction. The visible gas bubbles formed during electrolysis were collected using an inverted graduated cylinder at the blended stream exit. These bubbles contain an indeterminate mixture of hydrogen and oxygen, so the products were combined for this analysis. When the sum of the dissolved gas measurements and the volumetric gas measurements collected above the exit port are compared to the predicted theoretical production of gas (shown in Fig. 5 ) it is clear that most of the theoretical products of electrolysis can be accounted for between the increase in dissolved gas in the solution and the gaseous phase observed in the blended solution. There is no direct evidence within experimental error for a significant amount of gas existing other than in a dissolved state or exsoluted entirely during electrolysis.
In the electrolysis of water, acid and base are created together with oxygen and hydrogen gases, respectively. This was confirmed by measuring the pH of the anodic and cathodic streams separately. The separate streams showed a difference of 1.5 in pH values at an electrolysis current of 1 ampere, and a difference of 4.5 in pH values when the current was increased to 4 amperes. However, upon blending the solutions the pH values returned to neutrality almost immediately. When the pH of the blended water samples was checked before and after electrolysis at any electrolysis current, there was less than a 0.2 pH unit change in every case. The dissolved gases, however, appeared to leave the blended solutions much more slowly than the rate that the pH was neutralized. The rates at which the dissolved gases added by electrolysis left the blended solution are shown in Fig. 6 , as measured by dissolved gas concentrations.
The rates appear to be linearly dependent on the dissolved gas concentration, and the absolute rate depends on the solubility of the gas as well. Logically, as the extent of saturation increases, the rate at which these gases leave the solution also increases. This is clearly seen in the graph of hydrogen concentration over time. The rate at which the gas leaves the solution slows significantly as concentration decreases. Theoretically at laboratory conditions, hydrogen is 1.63 times less soluble than oxygen given a 100% atmosphere over equilibrated individual solutions. Since the gases were left in open air, hydrogen has a solubility of zero, and assuming atmospheric concentration of 20.95% for oxygen, oxygen has an equilibrium solubility of 0.267 mM. These solubility properties may help to explain the different rates of exsolution observed for the two gases.
The process of exsolution of gas from these solutions was visibly confirmed by photographing bubbles that formed on the surfaces of the glass beakers containing blended stream samples as a function of time. These digital photographs were analyzed by image processing software and a volume of gas was calculated for each bubble. An example is shown in Fig. 7 .
By analyzing the growth of several bubbles per sample, and many samples, the rate of gases leaving the solution can be observed directly. These data are presented in Fig. 8 . The data were normalized to the largest measured bubble volume for each bubble, due to a high variability of bubbles sizes within the same samples and between different trials. The most aggressive exsolution is seen to occur within the first forty to fifty minutes. It can also be seen that there is a significant difference between the rate of bubble growth on the beaker surface with water electrolyzed at 1A of current and those at 2A or 3A of current. This is also confirmed in the graph of hydrogen gas concentration over time (Fig. 6) . The graphs of dissolved hydrogen concentration and bubble growth over time have slopes which are inversely related, which suggests that bubble formation and growth is largely driven by the exsolution of dissolved hydrogen gas.
Conclusion
The recombination of cathodic and anodic streams from the electrolysis chamber using a tap-water medium produced a pH neutral solution and water chemistry that is, in many ways, indistinguishable from tap water prior to electrolysis. These blended solutions of electrolyzed water were found to contain elevated levels of dissolved hydrogen and oxygen, which was expected. Some excess gas was immediately exsoluted as bubbles before or during blending, and the fraction that escaped as gas increases as the dissolved gas fractions approach saturation. Over time, additional gas continued to exsolute from the solution as it moved toward equilibrium, forming bubbles on the beaker walls and on any other surface that came into contact with the solution. The time scale for this process was surprisingly long; it took hours, not seconds or minutes, for the formation of bubbles to stop. This observation was confirmed by direct dissolved gas measurements, and photographic measurements of the bubble formation. It is quite reasonable to assume that the effervescence of this solution may well have beneficial properties for cleaning applications on the timescale of minutes to hours after blending.
From the data it also appears there may be a relationship between the solubility of a gas and the rate at which a gas leaves solution, but these initial measurements were not adequate to develop a quantitative relationship for this process. Electrochemistry, 80 (8) , 574577 (2012) 
